The distribution of muscle fibres classified on the basis of their content of different myosin heavy chain (MHC) isoforms was analysed in muscle biopsies from the gluteus medius of adult untrained horses by correlating immunohistochemistry with specific anti-MHC monoclonal antibodies and standard myofibrillar ATPase (mATPase) histochemistry. Percutaneous needle biopsies were taken at 3 depths (20, 40 and 60 mm) from 4 4-y-old Andalusian stallions. The percentage of ' pure ' I MHC fibres increased whereas that for pure IIX MHC fibres decreased from the most superficial to the deepest sampling site. Within the fast fibres, types IIA and IIAX MHC-classified fibres were proportionately more abundant in the deepest sampling site than in the superficial region of the muscle. The immunohistochemical and histochemical characterisation of a large number of single fibres (n l 1375) was compared and correlated on a fibre-to-fibre basis. The results showed that 40 % of the fibres analysed were pure type I (expressing only MHC-I) ; they showed correct matching between their antigenic and mATPase determinants. In contrast, within the fast fibres, a considerable proportion of fibres were found showing a mismatch between their immunohistochemical and mATPase profiles. The most common mismatched fibre phenotypes comprised fibres displaying coexpression of both fast MHCs when analysed by immunocytochemistry, but showing an mATPase profile similar to typical IIX fibres (moderate mATPase reaction after preincubation at pH 4.4). Considered altogether, the total mismatched fibres represented only 4.2 % of the whole fast fibre population in the superficial region of the muscle, but their proportion increased to 15.6 % and 38.4 % in the middle and deep regions, respectively, of gluteus medius. It is concluded that a considerable number of hybrid fast MHC IIAX fibres are present in the gluteus medius of untrained horses, suggesting that equine type II fibres have probably been misclassified in numerous previous publications based on the use of histochemistry alone. This has important implications in attempts to study the physiological properties of fast fibre types adequately in horses.

The distribution of muscle fibres classified on the basis of their content of different myosin heavy chain (MHC) isoforms was analysed in muscle biopsies from the gluteus medius of adult untrained horses by correlating immunohistochemistry with specific anti-MHC monoclonal antibodies and standard myofibrillar ATPase (mATPase) histochemistry. Percutaneous needle biopsies were taken at 3 depths (20, 40 and 60 mm) from 4 4-y-old Andalusian stallions. The percentage of ' pure ' I MHC fibres increased whereas that for pure IIX MHC fibres decreased from the most superficial to the deepest sampling site. Within the fast fibres, types IIA and IIAX MHC-classified fibres were proportionately more abundant in the deepest sampling site than in the superficial region of the muscle. The immunohistochemical and histochemical characterisation of a large number of single fibres (n l 1375) was compared and correlated on a fibre-to-fibre basis. The results showed that 40 % of the fibres analysed were pure type I (expressing only MHC-I) ; they showed correct matching between their antigenic and mATPase determinants. In contrast, within the fast fibres, a considerable proportion of fibres were found showing a mismatch between their immunohistochemical and mATPase profiles. The most common mismatched fibre phenotypes comprised fibres displaying coexpression of both fast MHCs when analysed by immunocytochemistry, but showing an mATPase profile similar to typical IIX fibres (moderate mATPase reaction after preincubation at pH 4.4). Considered altogether, the total mismatched fibres represented only 4.2 % of the whole fast fibre population in the superficial region of the muscle, but their proportion increased to 15.6 % and 38.4 % in the middle and deep regions, respectively, of gluteus medius. It is concluded that a considerable number of hybrid fast MHC IIAX fibres are present in the gluteus medius of untrained horses, suggesting that equine type II fibres have probably been misclassified in numerous previous publications based on the use of histochemistry alone. This has important implications in attempts to study the physiological properties of fast fibre types adequately in horses.
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
Skeletal muscles contain different fibre types characterised by specific myosin heavy chain (MHC) isoforms (Pette & Staron, 1990) . The MHC composition of muscle fibres is the main determinant of important functional properties such as the velocity of contraction and fatigue resistance. In mammals, the Correspondence to Dr Jose! Luis Lo! pez Rivero, Departamento de Anatomı! a, Edificio Experimental de Sanidad Animal, Campus Universitario de Rabanales, Universidad de Co! rdoba, Ctra. Madrid-Ca! diz km 396, Co! rdoba, Spain. Fax : j34 57 21 86 66 ; e-mail : an1lorij!uco.es embryonic and neonatal MHC isoforms expressed in immature muscles are gradually replaced after birth by adult isoforms. Four major MHCs are present in adult muscles of small mammalian species : I, IIA, IIX\IID (henceforth IIX) and IIB (Ba$ rr & Pette, 1988 ; Schiaffino et al. 1989) . Only 3 of them (I, IIA and IIX) are found in human muscles (Smerdu et al. 1994 ; Sant'Ana-Pereira et al. 1997) . Similarly, only 3 isoforms have been characterised in equine skeletal muscle by electrophoresis (Serrano et al. 1996) and immunohistochemistry . In this paper, equine MHC isoforms are designated as I, IIA and IIX to maintain a consistent nomenclature among species and because their antigenic and electrophoretic characteristics are similar to the homologous rat isoforms. However, further studies should characterise equine MHC isoforms at the molecular level to establish the degree of homology definitively with the corresponding isoforms expressed in other mammalian species.
Over the past 25 y, myosin polymorphism in equine skeletal muscle has been extended by the recognition of fibre types I, IIA and IIB (henceforth IIX) indicated by the myofibrillar ATPase (mATPase) histochemical method based on acid and alkaline denaturation. In spite of the good agreement among histochemical, immunohistochemical and electrophoretic techniques for the identification of pure fibre types, problems still persist regarding the accurate classification of hybrid fibres on the basis of histochemistry alone (Staron & Pette, 1986 Staron, 1991 ; Sant'Ana Pereira et al. 1995 ; Rivero et al. 1996 b) . While hybrid fibres expressing similar amounts of 2 distinct MHCs stain intermediately between the pure isoforms (Staron & Pette, 1993) , the predominance of one isoform can mask the contribution of another myosin present at low levels, i.e. their histochemical profiles will resemble those of the isoforms in dominance.
In a recent study of well trained racehorses (Rivero et al. 1996 b) , a significant limitation of the traditional mATPase histochemistry for assessing hybrid MHCbased fibres was demonstrated, particularly within the fast fibre population. Similar studies in humans have reported that these limitations may well be particularly significant in trained subjects (Klitgaard et al. 1990 ; Andersen et al. 1994) where hybrid fibres are numerous. However, hybrid fibres also occur under normal conditions (Biral et al. 1988 ; Galler et al. 1994 ) and their significance is uncertain. If intermediate fibres also represent a significant proportion of the overall muscle fibre composition in untrained horses, it may have important consequences for the interpretation of results using mATPase histochemistry.
The gluteus medius muscle has been the most frequently sampled in the equine athlete because of its functional implications in locomotion (Lindholm & Piehl, 1974) . There is now sufficient evidence that both the mATPase fibre types and electrophoretic MHC composition of this muscle vary extensively, especially as a function of depth (Lo! pez-Rivero et al. 1992 ; Serrano et al. 1996) . No previous studies, however, have examined the distribution of MHC-classified fibres across this muscle. We hypothesised that the pattern of variation in histochemical fibre types and MHC isoforms among depths of gluteus medius may have an impact in the number and distribution of hybrid fibres in this muscle.
We aimed (1) to analyse immunohistochemically the distribution of MHC-classified fibres at varying depths in gluteus medius of untrained adult horses, with particular attention to the presence of fast hybrid fibres, and (2) to compare on a fibre-to-fibre basis the correlation with traditional mATPase histochemistry.
  

Horses and muscle biopsies
Four clinically healthy purebred Andalusian stallions were used. All animals were aged between 36 and 40 mo and were of comparable size and body weight. The horses were untrained but not completely sedentary as they has begun initial low level of dressage and schooling programmes 2 mo before the study. All animals were housed and managed in a standardised manner.
Muscle biopsies were taken from the ventral compartment of the right gluteus medius 15 cm caudodorsal from the tuber coxae, in accordance with Lindholm & Piehl (1974) . Samples were removed at 3 different sampling depths (20, 40 and 60 mm), through the same incision, to permit the demonstration of variability in fibre type distribution throughout the muscle. This muscle was selected because it is the most frequently sampled to investigate muscle performance, growth, training and pathology in the equine athlete. Samples were covered with OCT embedding medium and frozen by immersion in gelling isopentane, kept in liquid nitrogen and subsequently stored at k80 mC until analysed. Samples from the rat medial gastrocnemius muscle were also included as a standard reference in the immunohistochemical analysis.
Immunohistochemistry and histochemistry
Frozen biopsy samples were raised to k20 mC in a cryostat, serially sectioned at 10 µm and on poly--lysine-coated slides for immunocytochemistry or on coverslips for histochemistry. Serial cross-sections were reacted with 8 monoclonal antibodies (MAbs) specific to rat MHC isoforms (see Table 1 for specificities ; Schiaffino et al. 1989 ). The avidin-biotin 
Rat fibre types
" According with Schiaffino et al. (1989) , except S5-8H2 (Barrey et al. 1998 ). j, Positive reaction for that monoclonal antibody with that muscle fibre ; k, no reaction between monoclonal antibody and fibre type ; p, moderate reaction. Antibody BF-G6 reacted primarily with MHCs embryonic (Emb) and IIB in the rat ; however, this MAb binds MHCs I and IIA in horse muscle. Neo, MHC neonatal.
peroxidase complex (ABC) immunohistochemical procedure was used for the localisation of primary antibody binding as previously described . In brief, sections were preincubated in a blocking solution of stock goat serum. The primary MAb was then applied and allowed to incubate overnight in a humid chamber at 4 mC. An additional section was incubated without specific primary MAb and used as blank tissue to demonstrate the nonspecific reactivity. The second day the sections were washed and then reacted with a secondary antibody (biotinylated goat antimouse IgG). Sections were again washed and reacted in ABC reagent. Diaminobenzidine tetrahydrochloride was used as chromogen to localise peroxidase.
Additional serial cross-sections were stained qualitatively for the demonstration of mATPase activity after acid (pH 4.2 and pH 4.4) and alkaline (pH 9.75) preincubation by using a modification (Nwoye et al. 1982) of the Brooke & Kaiser (1970) method. Serial sections were also stained for nicotinamide adenine dinucleotide tetrazolium reductase (NADH-TR) and succinic dehydrogenase (SDH) using conventional methods (Dubowitz, 1985) .
A region of the biopsy specimens, containing 80-125 muscle fibres, was analysed for all different immunohistochemical and histochemical sections.
These serial sections were systematically photomicrographed and the fibres numbered at random and classified by both methodologies. The immunohistochemical and histochemical categorisation of 1375 fibres (12 muscle biopsies) was compared and correlated fibre by fibre. The fibre type distribution of each muscle biopsy was established both immunohistochemically and histochemically by counting the relative frequency of the various fibre types.
One-way analysis of variance was used to compare data from the 3 sampling depths. In the presence of a significant effect, a post-hoc Tukey's studentised range test was carried out to determine differences between group mean values.

Rat MHC-based fibre types Figure 1 and Table 1 show the characterisation of MAbs on the whole sample of rat muscle. Four pure muscle fibre types were identified according to their MHC content : I, IIA, IIX and IIB (e.g. fibres ' 1 ', ' 3 ', ' 5 ' and ' 7 ', respectively, in Fig. 1) . A few fibres, e.g. fibre ' 2 ', were demonstrated to coexpress MHC-I and MHC-IIA (Table 1) and corresponded with classical type IIC fibres. It was possible to distinguish hybrid fibres coexpressing 2 fast isoforms (IIAX, IIXB), since Fig. 1 . Serial cross-sections of rat control medial gastrocnemius muscle stained with monoclonal antibodies directed against specific myosin heavy chain isoforms (see Table 1 the MAb RT-D9 binds both MHC IIX and MHC IIB (e.g. fibres ' 4 ' and ' 6 ', respectively, in Fig. 1 ).
Horse MHC-based fibre types
Immunohistochemistry allowed subdivision of 3 different muscle fibre populations containing a single MHC, 1 slow (type I) and 2 fast (IIA and IIX), and 2 hybrid populations, one containing MHCs IjIIA and another with both fast MHCs (IIAX) ( Table 1 ; Fig. 2 A-E) . The presence of hybrid IjIIA MHCclassified fibres was inconsistent between animals and always less than 1-2 %. The MAb BF-G6 (antiMHCs embryonicjIIB in rat muscle) reacted positively with equine muscle fibres containing MHC-I, MHC-IIA or both (Fig. 2 E) . In some cases, pure IIX MHC-classified fibres showed a moderate reaction with MAb SC-71 (e.g. fibre ' 4 ' in Fig. 2 C) . These fibres could be considered as hybrid fibres also containing the MHC-IIA ; however, this possibility was not taken into account because they were always negative with the MAb BF-35 (Fig. 2 D) , an antibody very sensitive to equine MHC-IIA (Rivero et al. 1996 a). Moreover, they were easily distinguishable from the darker types IIA and IIAX fibres. No fibres in horse muscle were labelled with the anti-MHC IIB BF-F3 MAb. All fibres containing MHC-IIA and\or IIX isoforms were labelled with MAb RT-D9, so this MAb was not useful for fast muscle fibre differentiation in horse muscle.
Histochemistry
Based on the mATPase reaction after preincubation at pH 4.4, the muscle fibres could be divided into 3 categories : I (black), IIA (white) and IIX (intermediate) (e.g. fibres labelled ' 1 ', ' 2 ' and ' 3 ' in Fig.  2 G) . A continuum in the staining intensity was observed between the type IIA and type IIX mATPaseclassified fibres. Two subgroups of type IIX fibres were further observed according to the extent of their NADH-TR and SDH-reactions (Fig. 2 I, J) . Some fibres with low NADH-TR and SDH staining intensities (fibres uncoloured on the outside and with a uniform blue-white colour in their interior) could be described as IIX low-oxidative fibres (e.g. fibre labelled ' 4 ' in Fig. 2 I-J) . The remaining IIX mATPase-based fibres were classified as type IIX high-oxidative fibres (e.g. fibre labelled ' 3 ' in Fig. 2 I,  J) . The presence of type IIC fibres (i.e. fibres with moderate mATPase reaction after preincubation at pH 4.2) was below 1-2 %. In terms of mATPase these fibres are analogous to fibres classified immunologically as IjIIA hybrids. Fig. 3 . Serial sections of a gluteus medius muscle biopsy from the same horse as in Fig. 2 , but removed at a depth of 60 mm. Keys are as in Fig. 2 , except that the monoclonal antibody BF-G6 is not included in this plate. A-D, Immunohistochemistry as in Fig. 2 ; E-I, enzymehistochemistry as in Fig. 2 . Note the high number of fibres identified as type IIX by mATPase after preincubation at pH 4.4 (arrowheads in F ) which really contain MHC-IIA to a large degree (arrowheads in D) ; these fibres always showed moderate-to-high NADH-TR\SDH reactions (H,I). 
Fibre type composition
In general, there were systematic and significant differences in fibre type composition between the 3 sampling depths of the muscle ( Table 2 ). The percentage of type I fibres increased by " 150 % (P 0.001) from the most superficial to the deepest sampling site. The percentage of type IIX MHC-fibres and that of type IIX low-oxidative histochemicallyclassified fibres decreased by 88 % and 95 % (P 0.001 in both), respectively, from the superficial to the deepest sampling site. The percentages of IIA and IIAX MHC-classified fibres and those of IIA and IIX high-oxidative mATPase\NADH-TR\SDH-classified fibres did not change significantly with depth. Overall, the percentage of pure IIX MHC-based fibres was significantly lower (P 0.05) than the percentage of fibres which would have been classified as IIX on the basis of their mATPase reaction alone.
When only fast fibres were considered, the distribution in relative terms of the 3 MHC-classified fibre phenotypes (e.g., IIA, IIAX and IIX) varied significantly not only between different individuals, but also across gluteus medius (Table 3) . Types IIA and IIAX fibres were proportionally more abundant in the deepest sampling site of the muscle than in its superficial region (P 0.05 and P 0.01, respectively). In contrast, the proportion of pure type IIX fibres within the fast fibre population decreased very significantly from the superficial to the deepest sampling site of this muscle (P 0.001).
Combined immunohistochemical and histochemical analyses
In this study, a total of 1375 fibres were examined immunocytochemically and histochemically on a fibreto-fibre basis. The majority of these fibres (822 ; 60 %) expressed either a single or both fast MHC isoforms, being categorised as type II fibres. The remaining 40 % (n l 553) of fibres examined contained MHC-I or both MHC-I and MHC-IIA. These fibres were identified as types I and IIC, respectively. These fibre phenotypes showed a correct matching between the immunolabelling and mATPase determinants of their MHC content. Mismatched phenotypes were, by contrast, frequently observed within the fast fibres. Thus, further analyses were restricted to these fibres.
In general, pure fast fibres, e.g. fibres expressing a single fast MHC (either IIA or IIX), matched correctly with corresponding fast mATPase-based fibres. Type IIA MHC-fibres, e.g. fibre ' 2 ' in Figures 2 and 3, were matched with classical IIA mATPase fibres, and showed moderate-to-high NADH-TR\SDH reactions. Type IIX MHC-classified fibres, e.g. fibre ' 4 ' in Figures 2 and 3, were also usually categorised as IIX mATPase fibres. The NADH-TR\SDH reactions of these fibres were usually low in the superficial and middle regions of the muscle (Fig. 2 I, J ) , but moderate-to-high in the deepest region (Fig. 3 H, I ).
In the following description, we consider 2 groups of mismatched fibre phenotypes : mismatched IIAX\ IIA fibres, which were relatively rare, and mismatched IIAX\IIX fibres, which were relatively frequent, particularly in the deepest sampling site of the muscle (Table 4) . Mismatched IIAX\IIA fibres, judged IIAX by immunolabelling stained as classical type IIA fibres by mATPase. Mismatched IIAX\IIX fibres, e.g. fibre ' 3 ' in Figures 2 and 3 comprised fibres showing coexpression of both fast MHCs by immunohistochemistry, but showing an mATPase profile similar to that of typical IIX fibres (moderate mATPase reaction at pH 4.4). These fibres showed uniformly moderateto-high NADH-TR\SDH reactions, so they were categorised histochemically as IIX high-oxidative fibres. The total number of mismatched fibres were found to represent only 4.2 % of the whole fast fibre population in the superficial biopsies, but their proportion increased to 15.6 % in the middle region of the muscle and to 41.0 % in the deepest biopsies (Table 4) .

The results from this study substantiate our previous histochemical and electrophoretic findings in the equine gluteus medius muscle (Lo! pez-Rivero et al. 1992 ; Serrano et al. 1996) . Moreover, they provide quantitative information regarding intramuscular variation in the distribution of various MHC-based fibre types with depth.
Fibre typing in the equine muscle has been based on mATPase histochemistry in numerous previous studies. The limitation of this traditional procedure, as well as the power of novel approaches, based on the analysis of MHC isoforms by immunocytochemistry and\or electrophoresis, is clearly illustrated by the fact that a large number of histochemically determined IIX fibres (classically designated as IIB) actually contain a varying amount of MHC IIA (Staron, 1991 ; Andersen et al. 1994) . Our results emphasise the advantages of an immunohistochemical analysis to detect fibres with hybrid MHC composition. This technique seems to be a more sensitive, more reproducible and less subjective method for categorising fast MHC hybrid fibres than traditional histochemistry. Nevertheless, immunohistochemistry, as used in the current study, is still a qualitative method and some hybrid fibres with very small amounts of one MHC and large amounts of another cannot be distinguished with this technique from pure fibres (Pette & Staron, 1997) .
While the percentage of fibres showing mismatched phenotypes between antigenic and mATPase determinants of fast MHCs was relatively low in the superficial region of the muscle (4.2 % of fast fibres), this proportion increased to 15.6 % and 41 % in the middle and deep regions, respectively. Many previous histochemical studies in horses have been based upon the analysis of a single gluteus medius muscle biopsy very often removed from its deeper parts. This variation with depth is probably related to the functional differences between various parts of the muscle and corresponds well with the postural role attributed to the deep parts of gluteus medius (Lo! pezRivero et al. 1992), since fibres expressing MHC-IIA or coexpressing MHC-IIA and IIX have a significantly lower tension cost than pure MHC-IIX fibres (Galler et al. 1994 ; Pette & Staron, 1997) . By contrast, the high diversification in percentages of fast subtypes seen in the most superficial regions of the muscle can be reconciled with their wider range of dynamic activities (walking, trotting, cantering, galloping ; Lo! pez-Rivero et al. 1992) .
Although hybrid fibres are often assumed to represent a negligible population in normal sedentary mammals, current data indicate that a considerable percentage of these fibres exists in the skeletal muscle of untrained, but active, horses. Similar results have been obtained in human and rat muscles (Biral et al. 1988 ; Galler et al. 1994 ). It is not clear whether these fibres represent transitional fibres resulting from transformation of one fibre type into another or are stable fibres with mixed MHC composition. According to the general scheme of adaptative responses of fast muscle fibres proposed by Pette & Staron (1997) i.e. IIX IIAX IIA, hybrid IIAX fibres may provide a readily available pool of fibres that transform into IIA or IIX pure MHC fibres with increases or decreases, respectively, in neuromuscular activity.
The muscle fibre types in horses change with age and spontaneous activity from birth until " 6 y (Rivero et al. 1993) . The relative frequency of mATPase IIA fibres in the gluteus muscle of Andalusian horses increases over the first 3 y of age and that of IIX high-oxidative fibres decreases after this age. As many, but not all, of these mATPase IIX highoxidative fibres coexpress the 2 fast MHCs (present results, Table 2 ), a significant age-related reduction of hybrid fast MHC fibres can be expected in horses older than 3-4 y.
Our study confirms that there is a high correlation between MHC content and mATPase reaction, except when the 2 fast MHCs coexist within the same fibre (Staron & Pette, 1986 ; Staron, 1991 ; Sant'Ana Pereira et al. 1995) . Some recent quantitative histochemical (Sieck et al. 1995) and biochemical (Bottinelli et al. 1994 ) studies have shown that fibres with homogeneous MHC content vary greatly with respect to their mATPase reactivity. This suggests that some other factors, in addition to MHC content, may contribute to the mATPase histochemical reaction and explain the limitations of this technique in objective differentiation between fast fibres based on MHC content.
Finally, an interesting finding is that all hybrid IIAX MHC-classified fibres categorised histochemically as IIX showed high oxidative capacity. However, not all type IIX high oxidative fibres coexpressed both fast MHC isoforms (Table 2 ). This observation means that oxidative capacity of a fibre cannot be used as a firm predictor of its MHC content. In fact, there is enough evidence that the contractile protein (e.g. MHC) genes and metabolic (e.g. NADH-TR\SDH) genes are not necessarily under the control of the same mechanism (Jarvis et al. 1991) . Nevertheless, since sequential transitions between MHC isoform seems to be dictated by energetic requirements, the energy potential of myofibres seems to play a regulatory role in determining MHC isoform profile (Pette & Staron, 1997) .
In conclusion, a significant muscle fibre population of hybrid fast fibres is present in the gluteus medius of untrained horses. These fibres, probably misclassified in previous studies based on mATPase histochemistry, are more abundant in the deep muscle regions and should be considered when studying the plasticity of equine skeletal muscle.
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